Medial nucleus of the amygdala Accessory olfactory bulb Electrophysiology a b s t r a c t Neurons in the medial nucleus of the amygdala (MeA) play a key role in the innate maternal, reproductive, defensive, and social behaviors. However, it is unclear how activation of the vomeronasal system leads to the behavioral outputs that are associated with pheromones. Here, we characterized the electrophysiological and morphological properties of MeA neurons using whole-cell recordings in mice slice preparations. Biocytin labeling revealed that MeA neurons possessed bipolar to multipolar cell bodies and dendritic fields covering projection areas from the accessory olfactory bulb. In 70% of recorded MeA neurons, monosynaptic excitatory postsynaptic currents (EPSCs) were evoked from the accessory olfactory bulb afferent in which the a-amino-3-hydroxy-5-methyl-4-isoxazole propionate component was dominant and was rarely followed by the N-methyl-D-aspartic acid component. Norepinephrine increased the frequency of spontaneous inhibitory postsynaptic currents in some neurons, whereas a-methyl-5-hydroxytryptamine increased spontaneous EPSCs in other neurons. Morphologically and physiologically, heterogeneous MeA neurons appear likely to produce multiplex outputs of instinctive behaviors.
Introduction
The medial nucleus of the amygdala (MeA) is a functionally distinct structure in the amygdaloid complex and plays a key role in the innate maternal, reproductive, defensive, and social behaviors (Canteras, 2002; Meredith and Westberry, 2004; Maras and Petrulis, 2010) . MeA is also called the ''vomeronasal amygdala,'' and it receives pheromone cues via the accessory olfactory bulb (AOB) and primary olfactory inputs via the cortical nucleus of the amygdala (Winans and Scalia, 1970; Kevetter and Winans, 1981; Kang et al., 2009 ). Axons of mitraltufted cells in AOB project to MeA through the lateral olfactory tract (LOT), with tertiary connections to nuclei in the thalamus, hypothalamus, and other limbic systems (Meredith, 1998; Canteras, 2002; Choi et al., 2005; Ma and Morilak, 2005; Yoon et al., 2005., Touhara and Vosshall, 2009 ). The AOB afferents terminate at the molecular layer of the amygdaloid cortex. Vomeronasal information passes via AOB to the vomeronasal amygdala (Meredith and Westberry, 2004) . Primary olfactory information passes via the main olfactory bulb to the piriform cortex and olfactory amygdala, principally the anterior cortical amygdala, but with onward connections to the medial amygdala (Meredith, 1998; Swanson and Petrovich, 1998; Sheehan et al., 2001; Touhara and Vosshall, 2009 ).
Chemosignals related to the social status (pheromones) carry messages between opposite-and same-sex individuals in many species. Each individual must distinguish signals relevant to its own social behavior with conspecifics from signals used by other (heterospecific) species that are relevant to their social behavior (Karlsson and Luscher (1959) ; Brennan and Zufall, 2006) . The first evidence for an important role of the amygdala is the discrimination of species specificity in chemosignals. Meredith and Westberry (2004) demonstrated that MeA in male hamsters responds differently to conspecific and heterospecific chemosensory stimulation. The posterior medial amygdala (MeP) is unresponsive to heterospecific stimuli and appears to be suppressed, possibly by the intercalated nucleus, which was activated by all stimuli that suppressed MeP. The main olfactory system has connections with MeA but is unnecessary for the categorization of responses in MeA. The vomeronasal system was activated by both conspecific and heterospecific chemosensory stimulation, but the AOB responses did not categorically distinguish these types of stimulation. It is believed that amygdala responses reflect a higher level of analysis from which perhaps social relevance is extracted (Samuelsen and Meredith, 2009 ). Most MeA neurons exhibited either tonic bursting or adapting bursting of action potentials in response to depolarizing current injections (Pitkanen et al., 1997) .
How does activation of the vomeronasal system lead to behavioral outputs that are associated with pheromones? One of the major outputs of the vomeronasal system is to the medial hypothalamus (Bian et al., 2008) . Projections to this area are especially prominent, and they selectively innervate parts of the three systems that control the expression of partly innate reproductive, defensive, and ingestive behaviors (Del Punta et al., 2002; Boehm et al., 2005; Yoon et al., 2005) . MeA also projects to the brainstem directly, not through the cerebral cortex, i.e., pheromones trigger innate behaviors below the level of consciousness (subliminal).
To understand the integrative mechanisms in MeA, it is necessary to characterize the intrinsic properties of its constituent elements as well as cellular interactions within MeA. Here, we characterized the electrophysiological and morphological properties of MeA principal neurons in the mouse.
Activation of the amygdala norepinephrinergic (Braga et al., 2004) , dopaminergic (Floresco and Tse, 2007) , and serotonergic systems (Parks et al., 1998; Mo et al., 2008) during emotional behaviors plays an important integrative function in coping by modulating synaptic potentials. However, it is not known whether and to what extent activation of the ascending norepinephrinergic innervation of MeA might modulate pheromone-induced hormone secretion.
Results

Heterogeneous population of MeA neurons
A total of 266 MeA principal neurons were recorded. These cells had a resting membrane potential of less than À50 mV. MeA neurons were clearly identified as a heterogeneous class of cells. Three representative examples of the extremes and middle of this continuum are shown in Fig. 1 . The neurons were classified into three types in response to a 480-ms, 280-pA depolarizing current injection-regular spiking neurons (Type I), adapting neurons (Type II), and fully accommodating neurons (Type III). Regular spiking neurons (150/266; 56%) discharged spikes at a high frequency at the start of current injection with no delay but fired, repetitively, throughout the depolarizing current step with little or no spike frequency adaptation. Adapting neurons (84/266; 32%) fired several spikes at a high frequency at the start of current injection and exhibited complete spike frequency adaptation. Finally, fully accommodating neurons (32/266; 12%) fired at most 1-3 action potentials in response to increasing amplitudes of current injection.
Morphological characteristics of MeA neurons
The morphology of intracellularly labeled MeA neurons was visualized by the biocytin immunostaining method in Fig. 2A . Cell bodies were measured from 10 to 30 mm along their axes. At first glance, biocytin-stained MeA neurons were categorized into two classes on the basis of the shape of their dendrites-bipolar and multipolar. Typical biocytin-stained MeA neurons are illustrated by cell type in Fig. 2B . Almost all neurons projected at least two dendrites. Dendrograms representing the branching pattern for primary dendrites of each cell are shown in Fig. 2C . Examination of all cells and their dendrograms revealed no obvious qualitative morphological differences among Type I, Type II, and Type III neurons.
Another morphological feature characteristic of MeA neurons was that, to a denser or sparser extent, almost all cells in MeA had spines (Fig. 2, top inset) .
2.3.
Synaptic inputs
2.3.1. Synaptic input from AOB mediated by non-N-methyl-D-aspartic acid (NMDA) receptors Fig. 3 shows the profile of synaptic events typically recorded in a principal neuron following LOT stimulation. The posterior and medial zones of MeA and the cortical nucleus of the amygdala are the only major projection fields of AOB; thus, the ventral side of MeA was stimulated to obtain synaptic inputs from AOB. Excitatory postsynaptic potentials (EPSPs) were evoked monosynaptically (latencies were 45 ms) in 70% of the recorded MeA neurons. Fig. 4A illustrates superimposed traces of typical excitatory postsynaptic currents (EPSCs) evoked by graded intensities (10-70 mA) of stimuli in an MeA neuron. EPSCs increased in amplitude and duration when the membrane was hyperpolarized (Fig. 3A left) . The excitatory response was dominant and rarely followed by membrane hyperpolarization. To investigate the contribution of NMDA and non-NMDA receptors to EPSCs, DL-2-amino-5-phosphonovaleric acid (AP-5)-and 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX)-sensitive EPSCs were applied. The EPSCs did not decrease in amplitude and duration in the presence of AP-5 (20 mM), but they were abolished in the presence of CNQX (20 mM) (Fig. 3A right) .
Other synaptic inputs
To examine the electrophysiological properties of the postsynaptic potentials, MeA neurons were elicited by stimulation of the stria terminalis (ST). Stimulation of the ST pathway evoked an antidromic response in MeA neurons contralateral from the site of stimulation. A typical response to ST stimulation is shown in Fig. 3B . The stimulation consisted of 2-to 5-fold trains of monophasic square waves, each 30 ms in duration and varying in amplitude (100-500 mA).
The train stimulations were employed in ST to evoke the apparent specificity of the pathway from the direct interamygdaloid connection or through glutamate receptor activation. The pathway may develop in the contralateral amygdala from the direct interamygdaloid connection via the ST pathway (Fig. 3B left) . Whereas the other pathway utilizes glutamate as a transmitter to drive a feed-forward excitation, the ST transmission was mediated by the synaptic form. Thus, ST-evoked EPSPs in MeA neurons were abolished (Fig. 3B right) .
Norepinephrine affects spontaneous discharge in MeA
We examined how norepinephrine affects synaptic potentials in MeA cells. MeA cells exhibit remarkable changes in inhibitory spontaneous discharge. Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded at a holding potential of À70 mV and in the presence of MK-801 (10 mM) and CNQX (10 mM) to block NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors, respectively. After bath application of norepinephrine (20 mM), two types of cells were observed: cells with enhanced sIPSC frequency and amplitude ( 
a-Methyl-5-hydroxytryptamine (5-HT) modulate spontaneous EPSCs (sEPSCs)
The effects of 5-HT on synaptic transmission were examined in MeA. sEPSCs were recorded at À70 and À50 mV. Some neurons did not exhibit enhancement of the frequency or amplitude of sEPSCs. After bath application of 5-HT (20 mM), the frequency of sEPSCs decreased in other neurons. As shown in Fig. 5A and C, 5-HT application (20 mM) decreased the frequency of sEPSCs (2.0971.97 Hz, control; 0.6671.80 Hz, 5-HT; n¼ 9/20; p40.05; paired t-test). The amplitude distribution of these sEPSCs demonstrated that this frequency decrease was also accompanied by a significant decrease in the average sEPSC amplitude (À24.0271.87 pA, control; À18.9970.74 pA, 5-HT; n¼6/9; po0.05). In Fig. 5B The effects of DA on synaptic transmission were examined in MeA. sIPSCs were recorded in the presence of CNQX (10 mM) and MK-801 (10 mM). DA application (20 mM) increased the frequency of sIPSCs under these conditions (0.2370.06 Hz, control; 0.6370.22 Hz, DA; n¼ 7/22; Fig. 6A and C; p40.05; paired t-test). The mean rate of amplitude distribution in these sIPSCs demonstrated that this frequency increase was also accompanied by a significant increase in the average IPSC amplitude (À18.6372.37 pA, control; À28.0974.37 pA, DA; n ¼2/7; p40.05). Conversely, under these conditions, neither the frequency (0.3870.08 Hz, control; 0.1470.04 Hz, DA; n¼ 8/22; Fig. 6B and D; p40.05) nor the amplitude distribution of miniature IPSCs (À21.5576.40 pA, control; À9.5271.96 pA, DA; n¼ 8/8; p40.05) was affected by DA. Fig. 6E shows the changes in frequency and amplitude before and after DA application.
Discussion
The electrophysiological and morphological properties of MeA neurons were studied using whole-cell recordings in 
Electrophysiological and morphological characteristics of MeA neurons
Most studied cells were identified as pyramidal cells on the basis of their accommodation response and by a prominent hyperpolarization that followed a current-evoked burst of action potentials. The second class of cells consisted of latefiring neurons that were distinguished electrophysiologically by their very negative resting membrane potentials and conspicuous delay in the onset of spike firing in response to depolarizing current injections. The third class of cells, termed first-firing neurons, possessed many of the features of intrinsic inhibitory interneurons found elsewhere in the brain. These features include very brief action potentials, a relatively depolarized resting membrane potential, spontaneous firing at a high rate, and absence of spike accommodation.
Biocytin labeling of electrophysiologically identified pyramidal and late-firing neurons revealed that the cells have pyramidal to stellate cell bodies and spine-covered dendrites. Despite possessing an overall pyramidal-like morphology, late-firing neurons possessed cell bodies and dendritic fields that were smaller than those of pyramidal neurons. The medial division of the extended amygdala is a large complex of nuclei that project to the medial hypothalamus, thus influencing the hormonal aspects of behavior and emotional states. This region consists of MeA and the medial division of the bed nucleus of ST (Dall'Oglio et al., 2008; Pereno et al., 2011) . GABA immunostaining showed dense staining in all structures of the medial division of the extended amygdala. The staining was primarily confined to the soma, including the beginnings of dendrites and axons (Pereno et al., 2011) . The abundance of GABA-containing neurons in all nuclear groups of the medial division of the extended amygdala suggests that MeA has an important role in the inhibitory control of the incoming sensory pheromonal and olfactory inputs (Kelliher and Wersinger, 2009; Pereno et al., 2011) .
Neuromodulatory effects on MeA
Based on the results of this research, norepinephrine release facilitates inhibitory synaptic transmission (Fig. 4) . On the contrary, the results of preliminary experiments indicate that 5-HT release will facilitate excitatory synaptic transmission (Fig. 5) .
MeA is a target of noradrenergic and serotonergic innervation. These two modulators act reciprocally (Pereno et al., 2011) .
One of the features of noradrenergic neurons is that they are immediately excited by unexpected stimuli after which they enhance the arousal level; in short, they function as the brain's alarm system. It is also known that local injection of norepinephrine in the central nucleus of the amygdala (CeA) modulates (inhibits) stress-induced gastric ulcers (Ray et al., 1990) . In contrast, the neural activities of 5-HT are primarily changed by state-dependent rhythmic factors. The neural activities of 5-HT are inhibited during periods of intense focus. These reciprocal effects are observed in the sleeparousal cycle (Wildt et al., 2004) .
Function of MeA neurons: from pheromone to behavior
The term pheromone (Gk. Pherein, to carry; horman, to excite or to stimulate) was originally proposed by Karlsson and Butenandt (1959) and Karlsson and Luscher (1959) to describe substances that are secreted by an individual and received by another individual of the same species in which they elicit a specific reaction, e.g., a definite behavior (Johnston and Mueller, 1990; Keller and Bakker, 2009) . Although the identity of mammalian pheromones is poorly understood, some compounds with pheromonal activity have been purified from complex mixtures such as urine (Hagino-Yamagishi et al., 2001 ) and anogenital gland secretions. Characterization of those compounds indicates that both proteins and small molecules might function as mammalian pheromones and that the production of those chemosignals is often hormonally regulated. Pheromones are detected by the vomeronasal organ (Mombaerts, 2004; Rodriguez, 2004; Veyrac et al., 2011) .
Contrary to the olfactory system, receiving various types of pheromonal information is important for AOB. Thus, MeA must process enormous combinations of information (Baum and Everitt, 1992) . To solve this issue, MeA cells exhibit all combinations of properties such as a firing pattern, projection neuron or interneuron, and norepinephrine sensitivity. Each property that MeA cells exhibit is not localized electrophysiologically and morphologically.
Pheromonal information flows into the brain subliminally, i.e., it does not directly go to the cerebrum. With the investigation of pheromone receptor genes as a start, much progress has been made in elucidating the properties of the vomeronasal system (Buck and Axel, 1991; Mombaerts, 2004) . Humans have lost a large part of the olfactory system, including the vomeronasal system in the course of visual system and cerebrum cortex development (higher brain function). However, basic structures supporting higher brain systems such as the cerebral limbic system and hypothalamus (lower brain function) are strongly conserved. These regions affect emotion and instinct.
Abnormal behaviors in humans such as vicious juvenile delinquency have become an object of public concern. One of the possible causes of such abnormal behavior is the dysfunction of lower brain systems (Nelson and Trainor, 2007) . Endocrine disruptors may also affect lower brain systems through vomeronasal systems.
From the point of view of social order and global ecosystems, research on the vomeronasal system is indispensable. It is expected that classical studies of emotional behaviors
and cellular-level analysis, including that performed in this study, will lead to a comprehensive understanding of the vomeronasal system. Signals with preprogrammed meaning (pheromones) carry information essential for reproductive and social behaviors between members of the same species (Meredith, 2001) . Animals discriminate between chemosignals from their own species (conspecific) and those from other species (heterospecific) (Murphy, 1980; Johnston and Brenner, 1982) .
Vomeronasal information passes via AOB to the vomeronasal amygdala, principally MeA. Primary olfactory information passes via the main olfactory bulb to the piriform cortex and olfactory amygdala, principally the anterior cortical amygdala, but with onward connections to the medial amygdala (Meredith, 1998) .
Mechanism by which MeA induces emotional behaviors
Various neuromodulator-induced emotional behaviors have been reported. For example, norepinephrine release in MeA facilitates activation of the hypothalamic-pituitary-adrenal axis (Ma and Morilak, 2005) . Other data indicate that norepinephrine release via oxytocin release in MeA is essential for social recognition (Ferguson et al., 2001) , and norepinephrine release within the amygdala is critical for memory modulatory influences (Braga et al., 2004; McGaugh, 2004 ). These facts indicate that different neural circuits and projection areas to the hypothalamus in the MeA cells regulate behaviors corresponding to the received pheromone and the gender of the recipient animal.
3.5.
Role of single neurons in MeA in the integration and association of pheromonal signals MeA lesions produce severe deficits in mating, parental behavior, and social recognition (Meredith and Westberry, 2004) . MeA and regions of the medial hypothalamus such as the anterior and ventromedial hypothalamic nuclei have previously been demonstrated to inhibit maternal behavior because lesions in these regions promote maternal responses (Sheehan et al., 2001) .
Mammalian pheromones have been demonstrated to elicit both long-lasting effects that control the endocrine states of the recipient animal and short-term effects on animal behavior (Karlsson and Luscher, 1959) . For example, the detection of male pheromones by female mice results in an advance in the onset of puberty, induction of estrus, and termination of pregnancy (Novotny et al.,1999) , whereas detection of female pheromones by female mice causes a delay in the onset of puberty and the suppression of estrus (Ma et al., 1998) . Therefore, the vomeronasal system provides a neural pathway that links the periphery to the hypothalamus and appears to provide the endocrine basis for the primer effect of mammalian pheromones (Yoon et al., 2005) . Mammalian pheromones also elicit rapid behavioral responses. These include the regulation of intermale aggression, aggressive responses in lactating females, initiation of male ultrasonic vocalizations and copulatory behavior, reinstatement of lordosis in females, and parent-infant interactions. These immediate behavioral responses are also modulated by the endocrine status of the animal, which is itself under pheromonal control (releaser effects) (Novotny et al., 1985; Touhara and Vosshall, 2009) .
Although anatomical studies have clearly demonstrated that a considerable degree of morphological heterogeneity exists within the basolateral amygdala (BLA), to date, only the electrophysiological characterizations of neurons in this brain region have been confined to the predominant pyramidal neurons (Faber et al., 2001) .
CeA neurons receive input from the lateral amygdala (LA), BLA, and MeA and project to the brainstem of autonomicrelated centers and to the lateral hypothalamic area, which modulates autonomic outflow (Sah et al., 2003) .
LA and BLA are major output nuclei and appear to form a ventromedial extension of the claustrum for large regions of the frontal and temporal lobes. These nuclei share bidirectional connections with the olfactory system and with the prefrontal and insular regions. Conversely, LA is distinguished by connections with temporal and hippocampal regions (Moreno and Gonzalez, 2004; Yoon et al., 2005) , and BLA is distinguished by connections with the auditory cortex and somatosensory motor area in the frontal and parietal lobes (Morgane et al., 2005) . The olfactory system consists of five distinct cortical areas, each with an apparently associated part of the claustral complex with which it shares connections (Mori et al., 1999) . The major input to the cortical areas is the main olfactory bulb. Light microscopic analyses of Golgi-impregnated neurons in BLA have revealed three basic cell types (Woodruff and Sah, 2007) . The first group consists of spiny pyramidal or stellate projection neurons that comprise more than 95% of cells in this nucleus. A second, rarely observed class of neurons comprises neuroglial foam cells. The third class consists of a heterogeneous population of spiny or spine-sparse stellate cells with somata averaging 15 mm in diameter. Immunocytochemical studies of GABA or glutamic acid decarboxylase (GAD) indicated that this third class of cells represents intrinsic GABAergic interneurons (Marowsky et al., 2005; Likhtik et al., 2006) .
Innate reproductive, defensive, aggressive, and social behaviors are affected by pheromones, and these responses are mediated by a vomeronasal system (Del Punta et al., 2002) . Therefore, MeA must play an important role in the integration and association of pheromonal signals.
4.
Experimental procedure
Slice preparation
Animals were killed by decapitation in accordance with the animal guidelines of Tsurumi University. Brain slices were prepared from 21-to 28-day-old FVB/N mice. After decapitation, the brains were quickly removed and blocked in ice-cold artificial cerebrospinal fluid (ASCF) saturated with a mixture of 95% O 2 and 5% CO 2 . A block containing the amygdala region was prepared by rostral and caudal coronal cuts, and coronal sections of the amygdala were cut at a thickness of 250-300 mm using a vibrating microtome (Microslicer DTK-1000, Dosaka, Japan). Normally, 3-5 coronal slices (250-300 mm) containing the amygdala were cut. The boundaries of amygdala regions were established by comparing neuroanatomical landmarks with Swanson's rat brain atlas (Swanson, 1992) . Standard ASCF was composed of 125-mM NaCl, 2.5-mM KCl, 1-mM MgCl 2 , 2-mM CaCl 2 , 10-mM glucose, 25-mM NaHCO 3 , 1.25-mM NaH 2 PO 4 , 0.4-mM ascorbic acid, 3-mM myoinositol, and 2-mM Na-pyruvate (pH 7.3 with 95% O 2 /5% CO 2 , 300 mOsm).
Electrophysiological recording
MeA neurons were visually identified by infrared differential interface contrast microscopy (BX50 WI, Olympus) with the Nomarski-type differential interference optics through a Â 60 water immersion objective. Neurons with a pyramidal appearance were selected for recordings. Tight seal (41 GO) whole-cell recordings were obtained from the cell body of neurons in the MeA regions. Intracellular recordings were considered acceptable if neurons exhibited overshooting action potentials and displayed stable membrane potentials, more negative than À50 mV, in the absence of a DC holding current. Intracellular recordings were obtained from MeA neurons in slices taken from 67 mice. Whole-cell current-and voltage-clamp recordings were obtained from MeA cells using Axopatch 200B amplifiers. Patch pipettes were filled with 120 mM K-gluconate, 30 mM KCl, 10 mM HEPES, 11 mM EGTA, 1 mM CaCl 2 , 3 mM ATP (Mg salt), 0.5 mM GTP (Na salt), and 5% biocytin (pH adjusted to 7.3 with KOH, 295 mOsm). The pipettes had resistances of 6-10 MO. For drug applications and changing solutions, perfusion lines were switched using solenoid valves. Data were filtered at 5-10 kHz, digitized at 10 kHz using a Digidata 1200 interface (Axon Instruments), and analyzed offline using the Axograph software (Axon Instruments). All recordings were obtained at room temperature (20-28 1C).
Drug application
Drugs were applied directly to ACSF using continuous gravityfed bath application. The cells were continuously perfused with the extracellular solution using bath perfusion at approximately 1 ml/min. To isolate sIPSCs, external solutions routinely contained 20 mM CNQX and 20 mM AP-5 (Tocris, Ballwin, MO, USA) to block glutamatergic currents. CNQX, AP-5, norepinephrine, 5-HT, and DA (Sigma, St. Louis, MO, USA) were dissolved in the extracellular solution prior to recordings.
Data analysis
Spontaneous postsynaptic currents were analyzed using the Axograph software, and the amplitude and decay time constant of EPSCs and IPSCs was calculated for each neuron examined during one continuous 50-s sweep. The baseline frequency was determined by averaging the number of events in 10-s bins over at least 2 min prior to drug application. The peak fold increase or decrease was determined by comparing the maximum number of events in one 10-s bin after drug application to the average baseline frequency. A response to drugs was determined to be significant by comparing the interevent interval for 2 min before and after drug application. To examine the voltage dependency of the effects of applied drugs, cells were held at À60 mV in the voltage clamp and then ramped from À70 to À50 mV.
Tissue processing and morphological analysis
At the end of the recording sessions, the slice containing loaded cells was removed from the recording chamber, fixed in 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.4) overnight at 4 1C, and then transferred to 0.3% Triton-X in 0.1 M phosphate-buffered saline (PBST, pH 7.4) for 1.5 h at room temperature. Then, the slices were incubated in streptavidin-fluorescein-or streptavidin-conjugated to Alexa Fluor 568 (Amersham Biosciences) for 36-48 h at 4 1C and counterstained for 20 min in PBST containing 150 mM propidium iodide or 0.1% Hoechst. After washing, the slices were mounted without dehydration in a Vectashield-Hard Set (Vector, Burlingame, CA, USA). Labeled neurons were imaged using a confocal microscope (LSM 510, Zeiss or LCS, Leica). Optical sections, usually at consecutive intervals of 1-2 mm, were imaged through the depth of the labeled neurons and saved as image stacks. Collapsing this stack using the summation options on the confocal software onto a single plane generated a two-dimensional reconstruction of the labeled neuron. The image stack was reconstructed in a three-dimensional mode using a software installed in the systems.
Statistical analysis
Means and standard deviations were calculated for each treatment. Data are expressed as means7standard errors. When we appropriated to determine pharmacologically induced changes, we used Student's paired t-test. All statistical analyses were performed using KaleidaGraph 4.0 (synergy software).
